Abstract We previously demonstrated that mesenchymal stem/stromal cells (MSC) are recruited to tumors and that IFN-β produced by MSC inhibited tumor growth in xenograft models. Because of a deficient immune system, murine xenograft models cannot fully recapitulate tumor and immune cell interactions during progression. Therefore we investigated the capacity of MSC to migrate to and engraft into primary breast tumor sites and subsequently explore mechanisms of tumor inhibition by MSC-delivered IFN-β in a syngeneic, immunocompetent murine model. Herein we report that 1) systemically administrated MSC migrate to established 4 T1 breast cancer sites and localize among the tumor-stroma border and throughout the tumor mass; 2) high levels of IFN-β secreted by MSC are detectable in the tumor microenvironment but not in circulation; 3) intratumorally produced IFN-β inactivates constitutive phosphorylation of signal transducer activator transcription factor 3 (Stat3), Src, and Akt and down-regulates cMyc and MMP2 expression in 4 T1 cells, and 4) in mice with established breast cancer IFN-β expressing MSC administered systemically resulted in inhibition of primary cancer growth and in dramatic reduction of pulmonary and hepatic metastases. 5) MSC-IFN-β treated, but not control mice, maintained normal levels of splenic mature dendritic (DC), CD8+ T cells and CD4+/Foxp3+ regulatory T-cells (Treg). Our findings suggest that MSC are capable of migrating to tumor sites in an immunocompetent environment, that IFN-β produced by MSC suppresses breast cancer growth through inhibition of Stat3 signaling, and dramatically reduces pulmonary and hepatic metastases.
Introduction
Mesenchymal stem/stromal cells (MSC) MSC are adult tissue resident progentior cells identified in many tissues/ organs throughout the body. Initially isolated and described from bone marrow , MSC can differentiate into connective tissue lineages, such as bone, cartilage, and adipose as well as other tissue types [1, 2] . MSC were first characterized by our group as capable of selectively migrating to tumor sites through chemoattraction by tumor cell produced factors [3] [4] [5] . and local inflammatory chemokines and cytokines induced by tumor invasion [6, 7] . Solid tumor growth and invasion create a microenvironment that induces the secretion of factors that attract MSC to specifically migrate to the tumor sites [8] . This selective tropism for tumor microenvironments gives MSC the ability to selectively deliver growth inhibitory proteins such as interferon-β (IFN-β) and thus render the microenvironment inhospitable to tumor growth. In our previous studies using xenograft animal models [4, 5] , we showed that IFN-β secreted by MSC inhibited melanoma xenografts in a SCID mouse. However, xenograft models may not be fully appropriate for evaluating the biologically complex interactions of this cell based delivery, given that the host lacks an immune response to the implanted cancer cells, the injected MSC, and to IFN-β locally delivered by MSC (MSC/IFN-β). Therefore, the interactions between cancer cells and normal cells cannot be fully evaluated, and the complexity of the observed effects remains poorly understood.
High concentrations of IFN-β induce apoptosis of cancer cell lines in vitro [9] . Although the exact mechanism remains unclear, it may involve the Jak1 and signal transduction activation transcription factor 1 (Stat1) intracellular signaling pathways [10] . It has also been reported that IFN-β may have anti-apoptotic effects, such as increasing Bcl2/Bcl-xL levels in B cells [11] . IFN-β also affects angiogenesis by down-regulating the expression of tumor-induced pro-angiogenic factors [12] such as basic fibroblast growth factor. However, because most IFN-β studies have been conducted using murine xenograft models [11] [12] [13] , the biological effects of IFN-β have been difficult to evaluate. One report [14] suggested that IFN-α/ β exerts little effect on apoptosis of T cells but instead predominantly functions through the inhibition of Stat3 and, to a lesser extent, Stat5 pathways. These findings suggest that IFN-β may exert anti-tumor effects via inhibition of signaling pathways in breast cancer cells and that the full biological effect should be assessed in a syngeneic, fully immunocompetent model.
Constitutively activated Stat3 has been reported to play an important role in tumorigenesis [15] [16] [17] . An early study with human breast cancer lines showed that five of nine cell lines tested had constitutively activated Stat3 [18] . A clinical investigation of human breast cancer specimens indicated that activated Stat3 was consistently found in tumor tissue but not in surrounding normal tissue cells [16] . Because knockout of the Stat3 gene is lethal for embryonic development in mice, it has not been possible to study the oncogenecity of Stat3 in a gene-deficient environment. In our previous studies, in a breast cancer transplant model in immunocompetent mice, both knockdown of Stat3 and pharmacological inactivation of Stat3 resulted in abrogation of breast tumor development [19, 20] . However, a more feasible approach to the inactivation of Stat3 is needed to determine the potential clinical applicability of this finding.
As the major clinical problem in breast cancer, mechanisms of metastasis have been investigated intensively. We previously demonstrated [19, 20] that primary breast tumors and metastases can be completely abrogated in immunocompetent mice after Stat3 knockdown or inactivation, prompting us to hypothesize that Stat3 plays a crucial role in breast cancer growth and metastasis. It is now well established that metastases are the result of interactions between cancer cells and their microenvironment. The process by which cancer cells establish tumors or migrate and settle in a distant tissue or organ is complicated, but it is believed that host cellular immunity is part of this process. However, malignant tumors usually escape host immune surveillance because of immune suppression induced by cancer cells [21] [22] [23] [24] [25] . Although mechanisms of this immune suppression have not been well characterized, strong evidence suggests that cancer cells circumvent host antigen presentation by preventing the maturation of DC [21, 26] . It has been reported that the number of mature DC is reduced during cancer development [21] and that cancer cells induce immunosuppression by stimulating regulatory T cells (Treg) [27] [28] [29] [30] . Suppressing Treg has been shown to be effective in enhancing the immune response of host cells to cancer cells [31, 32] . Importantly, studies have shown that constitutively activated Stat3 is involved in these events [33] . Taken together, this evidence suggests that constitutively activated Stat3 not only functions as an initiator for oncogenesis but is also involved in interactions between cancer cells and their microenvironment.
4 T1 is a well-characterized murine spontaneous breast cancer cell line originally derived from a BALB/c mouse that contains constitutively activated Stat3 [34] . The 4 T1/BALB/ C syngeneic immunocompetent murine breast cancer model is useful for understanding breast cancer biology. In the present study, in order to examine our hypothesis, we used MSC isolated from BALB/c mice to deliver murine IFN-β to determine whether the concept of using MSC to deliver IFN-β can be further developed for the treatment for breast cancer.
Materials and Methods
Animals, female BALB/c mice (6 to 8 weeks old) were purchased from Charles River Laboratories (Wilmington, MA) and maintained in the M. D. Anderson conventional animal facility. Experiments were conducted under an appropriate protocol.
Cell line, antibodies, and reagents Firefly luciferase-tagged 4 T1 cells were a gift from Dr. Mien-Chie Hung (M. D. Anderson Cancer Center) and were maintained in Dulbecco's modified Eagle's medium (DMEM) plus 10% fetal bovine serum. Mouse MSC (mMSC) were obtained from Dr. Darwin Prockop (Tulane University, New Orleans, LA). These MSC are fully characterized and tested for their ability to differentiate into three lineages before their release. The cells were cultured in alpha minimal essential medium supplemented with 10% horse serum, 10% fetal calf serum, 10% fetal bovine serum, L-glutamine, and a penicillinstreptomycin mixture. Passages 4-7 were used throughout these experiments. The MSC were negative for FLK1 (VEGF-R2), CD31 (PECAM), CD90 (Thy1), CD117 (c-kit), CD11b, Ter-119, CD45R/B220, Ly6G and Ly-6C, and CD3e, and were positive for CD106 (VCAM-1). cDNA of murine IFN-β was purchased from Invivogen. Lentiviral packaging, envelope, and gene transfer plasmids were gifts from Dr. Didio Trone (Geneva University, Geneva, Swaziland).
Anti-p-Tyr-STAT3 (pTyr-705), STAT3, p-Src (pTyr 527), Src, p-Akt (pSer 473), Akt, cMyc, and matrix metalloproteinase 2 (MMP2) were purchased from Cell Signaling (Beverly, MA); anti-β-actin was from Sigma Life Science (St. Louis, MO). Cell Invasion Kit was from Chemicon (Temecula, CA). D-Luciferin for firefly luciferase was from Caliper LifeScience (Hopkinton, MA). Rhodamine 123 conjugated donkey anti rabbit secondary was from Calbiochem Int.
IFN-β lentiviral gene transfer plasmid construction, virus preparation and IFN-β gene transduction The cDNA of murine IFN-β was cleaved from pORF-mIFNβ plasmid from Invivogen (Cat# porf-mifnb). The fragment of IFN-β cDNA was sub-cloned into lentiviral gene transfer vector, pLOXiE [35] . The constructed lentiviral transfer plasmid was then verified by sequencing. The scheme of the plasmid is shown in supplemental Fig. 1 . Lentivirus was prepared as described in our previously (Ling et al., 2005) . MSC transductions by IFN-β/GFP or GFP alone as the control were done by lentiviral infections. The detailed procedure was described elsewhere [35] . Because all infected cells express GFP, as indicated in the gene transfer vector diagram in supplemental Fig. 1 , MSC/IFN-β/GFP or MSC/GFP cells were selected by FACS using GFP as the marker. GFP-positive cells were subsequently expanded.
ELISA for IFN-β concentration After MSC were transduced with MSC/IFN-β/GFP or GFP and sorted, IFN-β levels in sorted MSC culture supernatant were measured by ELISA. ELISA was performed according to the manufacture's instruction (PBL Biomedical Laboratories, New Brunswick, NJ).
Western blotting Western blotting was performed as previously described [19] .
Cell proliferation assay 4 T1 cells were seeded onto sixwell plates at a concentration of 5×10 6 cells per well in triplicate and were co-cultured with MSC/IFN-β/GFP or MSC/GFP (5×10 6 cells/well). The total number of viable 4 T1 cells in each well was determined using an automated analyzer (Vi-Cell, Beckman Coulter, Miami, FL).
Cell cycle analysis After 4 T1 cells were co-cultured with MSC/IFN-β/GFP, 4 T1 cell cycle analysis was performed as previously described [20] . Briefly, cells were fixed with 70% ice-cold ethanol and stained with propidium iodide (PI) solution (25 μg/mL PI, 180 U/mL RNase, 0.1% Triton X-100, and 30 mg/mL polyethylene glycol in 4 mM citrate buffer, pH 7.8; Sigma Chemical). DNA content was determined using a FACScan flow cytometer (Becton Dickinson, San Jose, CA) and cell cycle distribution was analyzed using ModFit LT software (Verity Software House, Topsham, ME).
Matrix gel invasion assay The matrix gel invasion assay was conducted in matrix chambers according to the kit's instructions (CHEMICON International, Billerica, MA). Briefly, 4 T1 cells were starving of fetal bovine serum overnight, then seeded onto upper culture wells (2×105cells/ well) that contained no serum; the lower well was seeded with same amount of MSC/IFN-β/GFP and was with normal medium with 10% FBS. After 48 hours, the penetrated 4 T1 cells were collected and quantitated according to the manufacture instructions.
Mouse tumor formation assay For the in vivo studies, 7× 10 3 4 T1 cells were injected into the mammary fat pads of 8-week-old female BALB/c mice. Tumor formation with or without treatment at the inoculation site was monitored using an in vivo imaging system (Xenogen-200; Xenogen Corp., Alameda, CA), and the tumor size was defined as the expression of luciferase as 4 T1 cell was tagged with luciferase prior to the injection.
MSC injection MSC/IFN-β/GFP or MSC/GFP were typsinized and washed with PBS three times, and then filtered using a 70-μM cell strainer. Mice were injected intravenously via the tail vein.
Bioluminescent imaging (BLI) Mice were injected intraperitoneally with 4 mg of D-luciferin and then imaged using the Xenogen-200 in vivo imaging system as described previously [20] .
Histological analysis For histological analysis, breast tumors from mice treated with and without MSC/IFNb/ GFP were excised and fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned, and stained with H&E. The pStat3 immunostaining was performed on paraffinembedded tumor sections, and the pAkt immunostaining was performed on tumor cryosections. The slides were analyzed under an Olympus BX 41 microscope with a digital capture camera (Olympus DP70).
Results

MSC/IFN-β cells selectively engraft in breast tumor
sites Immunohistochemical staining for MSC/IFN-β/GFP cells with anti-murine IFN-β antibody indicated that MSC exhibit tropism for 4 T1 breast tumor sites (Fig. 1a I-III) after tail vein injection in mice. High levels of IFN-β (dark brown color) were demonstrated along the border of breast tumor and stromal tissue (Fig. 1a II-III) . This phenomenon is consistent with our previous findings in a both breast cancer and melanoma xenograft models [7] . No specific staining was seen in control mice injected, i.v. with MSC/GFP (Fig. 1a IV) , indicating IFN-β secretion by gene-modified MSC at the tumor sites. To demonstrate that MSC were producing and secreting the IFN-β, we reacted MSC/IFN-β/ GFP cells attached on slides with anti-mouse IFN-β antibody (the secondary antibody labled with Rhodamine, showing in red fluorescent color) Fig. 1 VI, As MSC/IFN-β/ GFP cells co-expressing GFP, Fig. 1V , MSC were seen in green color as well; and a merged picture showed in Fig. 1 VII, indicating that the MSC we injected into mice were expressing GFP and murine IFN-β. As 4 T1 cells were tagged with GFP as marker; therefore, we were unable to distinguish 4 T1 cells from MSC/IFN/GFP in tumor tissues. Additionally, ELISA demonstrated the secretion of high levels of IFN-β after transduction with murine IFN-β cDNA (Fig. 1b left panel) in vitro. Very low levels of IFN-β (0.58 IU/ml) were found in the serum of mice after i.v. MSC/ IFN-β/GFP cell injection (Fig. 1b right panel) . This finding is consistent with our previous data that also showed low levels of IFN-β levels in the serum of MSC-IFN-β injected mice [7] . Co-culture of 4 T1 with MSC/IFN-β/GFP reduces cell invasion 4 T1 cells are strongly invasive in vitro and in vivo [19, 20] . In order to assess the effect of MSC/IFN-β/ GFP on the invasion of 4 T1 cells, we performed in vitro cell migration assays, and found that the migratory capacity of 4 T1 cells was significantly inhibited after cells were cocultured with MSC/IFN-β/GFP compared with 4 T1 cells co-cultured with MSC/GFP (P<0.01), (Fig. 2) . In addition, cellular migration was inhibited to a similar extent in Stat3 knockdown 4 T1 cells (Ling et al., 2005) [20] . Recombinant murine IFN-β was used as a control for MSC/IFN-β/GFP. IFN-β, Fig. 3b . We also examined effect of co-culturing 4 T1 MSC/IFN-β/GFP and murine recombinant IFN-β on total Stat3 and pStat3, the results showed in Fig. 3c , indicating MSC/IFN-β/GFP and murine recombinant IFN-βconditions had a similar effect on Stat3. As shown in Fig. 3d right panel, pStat3 in 4 T1 breast tumors was found to be inactivated 3 days after MSC/IFN-β/GFP cells were administrated systemically via tail vein injection (1×10 6 cells/mouse).
IFN-β inactivates
MSC/IFN-β inhibits 4 T1 cell proliferation in vitro It has been reported that Stat3 inhibition can induce apoptosis [36, 37] . However, in our previous studies [19, 20] , we did not detect apoptosis after either knockdown or inhibition of Stat3. We therefore examined 4 T1 cell apoptosis by measuring Annexin V and propidium iodide (PI) positivity, using flow cytometry, after cells had been co-cultured with MSC/IFN-β/GFP: no significant apoptosis was observed (supplemental data, Fig. 2 ), while 4 T1 cell growth was inhibited 3-fold (supplemental data Fig. 3 ). However, we did not observe significant changes in cell cycle (supplemental data, Fig. 4 ).
Systemic injection of MSC/IFN-β inhibits 4 T1 breast cancer growth and metastases in vivo As mentioned earlier, 4 T1 is a spontaneous breast cancer cell line derived from the BALB/c mouse. It is a very aggressive breast cancer and often exhibits pulmonary and hepatic metastases after transplantation into the BALB/c mammary gland fat pad. In order to examine the effect on breast cancer of locally produced high levels of IFN-β, 7×10 3 firefly luciferasetagged 4 T1 cells were injected into the mouse mammary gland fat pad, and MSC/IFN-β/GFP (1×10 6 /mouse) or control MSC/GFP cells (1×10 6 /mouse) were injected into mice through the tail vein 1 day after 4 T1 inoculation. Mice were monitored for 30 days, and mice with tumors larger than 2.5 cm were euthanized and a survival curve was plotted as shown in Fig. 4a . The difference between the two group is significant, P<0.001 (Log-rank test).
All MSC/IFN-β/GFP-treated mice remained breast cancer free for 103 days after the tumor cells were transplanted (Fig. 4b right panel) , and were then terminated for histological analysis, whereas all MSC/GFP-treated mice developed aggressive breast cancer and had to be euthanized because of the size of breast tumors (over 2.5 cm) (Fig. 4b left panel, and 5c left panel) . The tumor size in live mice was determined by expression of luciferase in 4 T1 cells (Fig. 4b, c left panel) and by direct examination of metastases (Fig. 4c middle panel, lung and right panel, liver), whereas mice treated with MSC/IFN-β/ GFP had neither tumors nor metastases.
In order to confirm that the control MSC/GFP did not enhance 4 T1 breast tumor growth, we also compared We also explored the effects of MSC/ IFN-β/GFP on 4 T1 breast tumor growth when MSC/ IFN-β/GFP treatment was delayed and MSC were injected i.v. on day 5 after tumor implantation. As shown in Fig. 5a and b, significant inhibition of tumor growth was observed on day 13 after tumor cell implantation (P=0.02). In addition, tumors grew faster in the MSC/GFP group than in the MSC/ IFN-β/GFP group (Fig. 5c) . Histological results show that lungs (Fig. 5d upper panel) livers (Fig. 5d lower panel) from MSC/ IFN-β/ GFP treated mice had dramatically reduced metastatic nodules than those from the control group.
Treatment with MSC/IFN-β/GFP stimulates cell-mediated immunity Mature splenic DCs were analyzed after mice were treated with MSC/IFN-β/GFP. Mature murine DCs were identified as major histocompatibility complex II and 33D1 double positive cells (Fig. 6a I-II) . 33D1 is a marker of mature DC [38] . MSC/IFN-β/GFP-treated mice had significantly more mature splenic DCs than MSC/GFP-treated mice (P<0.01). This set of experiments was performed using 6 cells/mouse via the tail vein 1 day after 4 T1 injection) 1 day after tumor cell implantation. We also evaluated splenic CD8+ T cells after treatment with MSC/IFN-β/GFP. As indicated in Fig. 6a III, the CD8+ T cell population after treatment with MSC/IFN-β/GFP was significantly greater than that in control (MSC/ GFP) mice (P<0.01). In addition, Treg cells were examined after MSC/IFN-β/GFP treatment by monitoring CD4 and Foxp3 double-positive splenic cells. As shown in Fig. 6a IV, the percentage of Treg cells in the control group was significantly higher than that in the MSC/IFN-β/GFPtreated group (P < 0.01). Immunohistochemical staining showed fewer Foxp3+ cells in MSC/IFN-β/GFP-treated (Fig. 6b) than in MSC/GFP-treated mice. Immunohistochemical staining also indicated more CD8+ T cells in spleens of MSC/IFN-β/GFP than in MSC/GFP-treated mice (Fig. 6c) . Finally, more mature DCs were observed in spleen sections from mice treated with MSC/IFN-β/GFP Fig. 6d right panel) than in spleen sections from mice treated with MSC/GFP (Fig. 6d left panel) .
Discussion
In this study we have demonstrated that in an fully syngeneic immunocompetent model BALB/c mice, BALB/c mMSC home specifically to 4 T1 (from BALB/c) breast cancer sites and deliver murine IFN-β to the tumors sufficient to inhibit breast cancer growth through inactivation of the Stat3 signaling pathway. In addition, MSC/IFN-β/GFP treatment also showed signs of an improvement in cellmediated immunity as indicated by increased numbers of splenic mature DC and decreased numbers of Treg cells. Because a fully immunocompetent and syngeneic system was used this study, problems associated with xenograft models, such as lack of interaction between cancer and host immune cells were avoided, and more biologically relevant information was generated. To the best of our knowledge, this is the first report showing the biological effects of IFN-β delivered by MSC specifically to breast cancer sites in an immunocompetent model. In addition, our in vivo and in vitro data indicate that the mechanism of this effect is through inactivation of constitutively activated Stat3 in breast cancer cells, which in turn improves the breast cancer host's cell-mediated immunity. Our present findings are not only consistent with our previous work [5, 7] in xenograft models showing MSC homing to the tumor microenvironment and evidence that IFN-β delivered by MSC inhibits human cancer xenografts but also illuminates some of the molecular mechanisms that convey the observed antitumor effects of IFN-β on breast cancer in vivo and extend our previous work on the efficiency of systemically delivered MSC/IFN-β. These results further support the translation of this novel therapeutic concept into clinical trials, which is under development [3] .
MSC contribute to the maintenance and regeneration of connective tissues [1] . After systematic infusion, MSC appear to engraft depending on the production of incompletely understood paracrine signals in the tissue microenvironment [39] . Solid tumor growth and invasion create a microenvi- ronment similar to that described in wound healing, which also induces MSC to specifically migrate to the wound (or site of inflammation) [40, 41] . This feature gives MSC the ability to deliver molecules such as IFN-β and thus render the microenvironment inhospitable to tumor growth. Recently, it is also reported that MSC may involve in transition to tumorassociated fibroblasts and contributes to fibrovascular network expansion and tumor progression [52] .
The injection of recombinant IFN-β into humans has shown no or limited effects on the growth of several different cancer types [42] . Because of IFN-β's well described short half life [43] , it is not expected that sufficient levels of injected recombinant IFN-β can be maintained at the tumor site to affect tumor growth before the protein is degraded. However, using MSC to secrete IFN-β in situ would overcome this issue. As shown in Fig. 1 by immunohistochemical staining, mMSC were localized along the tumor/stroma border, expressing high levels of IFN-β. In contrast we were not able to detect MSC or MSC produced IFN-β in other tissues, suggesting the exquisite selectivity of MSC for tumors and the impact of the MSC-produced IFN-β on tumor growth. Importantly, constitutively activated Stat3 in 4 T1 was inactivated after MSC/IFN-β/GFP were administered systemically (Fig. 3b) , even while plasma levels of IFN-β were extremely low.
It has been reported that IFN-β has an inhibitory effect on cancer cell growth in vitro and in xenograft models [7] . However, other evidence has also shown that IFN-β is a strong immune modulator in vivo. Therefore, the entire spectrum of anti-tumor mechanisms of IFN-β has not been fully characterized under physiological conditions [44] . Using our immunocompetent syngeneic model, we were able to show that constitutively activated Stat3 in 4 T1 cells was inactivated when those cells were co-cultured with MSC/IFN-β/GFP (Fig. 3a) , the same effect was achieved by co-cuture with recombinant IFN-β protein. Moreover, downstream targets of Stat3, such as c-Myc and MMP2, were down-regulated. It was interesting that Akt, a downstream target of Src, was inactivated as well. Knockdown of Stat3 in 4 T1 cells led to Src inactivation by a feedback loop in the absence of pStat3 (19) ; thus, it is reasonable to assume that the inactivation of Akt occurred through Src dephosphorylation by Stat3 (19, 20) . It has been documented that constitutively activated Stat3 in cancer cells drives a number of factors, including cytokines and chemokines, that induce host immune tolerance to cancer cells (45) . Therefore, it is possible that IFN-β inactivates epidermal growth factor receptor (EGFR) signaling, acting as an antagonist for EGFR or VEFGR, which are the upstream regulators of Src. The inactivation of Src induces inactivation of Stat3 and therefore Akt. Furthermore, the inactivation of Stat3 leads to decreased expression of c-Myc and MMP2. Because c-Myc has been characterized as a potent factor for cell proliferation (46) and MMP2 is closely associated with cancer invasion and metastasis (47) , it is possible that these combined effects contribute to the observed growth and metastasis inhibition of breast cancer in mice.
Studies have shown that both cancer-bearing animals and human cancer patients retain relatively intact cellmediated immunity during the early stages of disease (48) . However, this immunity is gradually lost as the cancer develops. During the early stages of cancer, the host's immune tolerance of cancer cells is considered one of the major problems of the disease (48) . Intensive studies of cancer immunosuppression have indicated that cancer usually induces immunosuppression in the host. A larger than normal population of Treg has been observed in patients with various types of cancer and in animal cancer models (48) . One therapeutic strategy for overcoming this immunosuppression induced by cancer cells has been to stimulate cancer antigen presentation by DC, professional antigen-presenting cells. However, it has been reported that DCs are impaired during cancer development (21) . A logical goal is to help patients regain normal function in DCs, allowing CD8+ T cells to be primed by specific cancer antigen-presenting DCs thus leading to a strong immune response and cytotoxic clearance of tumor cells.
IFN-β functions as an immunomodulator in stimulating innate immunity to viral infections by activating natural killer cells and macrophages (49) . Reports have also indicated that IFN-β can stimulate CD8+ T cells (50) . Therefore, it is possible that high local levels of IFN-β in the tumor environment favor the function of both DCs and CD8+ T cells. Hence, the biological effect of IFN-β in this contest would inhibit tumor growth, engraftment, and metastasis. Our results further suggest an effective alternative to the currently used systemic administration of recombinant IFN-β protein, the clinical effects of which are reduced because of its rapid degradation in vivo.
Recent evidence has suggested that Stat3 plays a critical role in the development of both primary and metastatic breast cancer (16, 51) . Inactivation of Stat3 also led to a virtual abrogation of both primary and metastatic breast tumor development in a mouse transplant model (20) . Studies have shown that Stat3 plays a central role in regulating the expression or activation of potent oncoproteins such as Src, Akt, c-Myc, and Twist (19) , it is very likely that a combined effect after the inactivation of Stat3 leads to blunted tumor growth. Recent evidence has also indicated that cancer cells inhibit the maturation of host DCs (21) and that immature DCs further stimulate the Treg population; as a result, immune tolerance of the host is induced and cancer development is facilitated. In previous studies (20) , similar results were observed when CDDO-Me was employed to inactivate Stat3 in the same 4 T1/BALB/c breast cancer model used here. Taken together, our data and those of others suggest that inactivation of Stat3 would be an efficient way to suppress and perhaps to abrogate breast cancer growth and metastases.
In conclusion, the findings presented herein indicate that MSC/IFN-β/GFP specifically engraft at the sites of breast cancer in syngeneic and fully immunocompetent mice. Those mMSC secrete levels of IFN-β sufficient to inhibit the development of both primary and metastatic tumors by inactivating Stat3. However, further investigations are needed to explore 1) the long-term biological effects of MSC for the breast cancer host and 2) the dose effect of IFN-β delivered by MSC. Results of this study suggest that expression of IFN-β in situ by MSC can inhibit or abrogate cancer growth by inactivation of constitutively activated Stat3, which drives multiple oncogenes and oncoproteins. Importantly, the inactivation of Stat3 also resulted in an improvement in breast cancer host immune tolerance by enhancing the mature DC population and reducing Treg cells, which, as the biological consequence of this interaction, helps the breast cancer host to eliminate breast cancer cells via multiple direct and indirect mechanisms.
